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Abstract 

The ATLAS excess in fat jet pair production is kinematically compatible with 
the decay of a heavy resonance into two gauge bosons plus an extra particle. This 
hypothesis would explain the absence of such a large excess in the analogous CMS 
analysis of fat dijet final states, as well as the negative results of diboson resonance 
searches in the semi-leptonic decay modes. If the extra particle is the Higgs boson, 
this hypothesis might also explain—statistical fluctuations aside—why the CMS 
search for WH resonances in the semi-leptonic channel finds some excess while in 
the fully hadronic one it does not have a significant deviation. 


1 Introduction 

The ATLAS Collaboration has recently observed a localised excess in the invariant mass 
distribution of pairs of fat jets, hereafter denoted by J, around mjj ~ 2 TeV [T]. Fat jets 
can be produced in the hadronic decay of boosted bosons Id = IT, Z, where the two quarks 
from the boson decay merge into a single jet. Using jet substructure analyses, the fat jets 
are tagged as resulting from a boson decay. In addition, in ref. [T] the jets are identihed 
as IT or Z bosons if the jet mass mj satishes \mj — Mw| < 13 GeV or \mj — Mz\ < 13 
GeV, respectively. The excess in the mjj spectrum appears for ITZ, ZZ and ITIT 
selections, with statistical signihcances of 3.4 a, 2.9 a and 2.6 a i] These three channels 
are not independent and some events fall into two or even the three above categories. A 
statistical combination of the three channels must take this fact into account, and has not 
been yet performed. 

IT and Z bosons are known to decay leptonically, therefore a potential diboson res¬ 
onance should also show up in (semi-)leptonic channels. But it does not. For example, 
for spin-1 WZ resonances with a mass M = 2 TeV the ATLAS Collaboration has the 
following 95% conhdence level (CL) upper limits on the cross section awz- 

^Notice that J can be simultaneously tagged as W and Z with these criteria, as the mass windows for 
W and Z tagging partially overlap. This indicates, in particular, that a. WZ signal can yield significant 
excesses in the WW and ZZ selections too. 
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(i) WZ —)■ JJ channel [T]: awz < 30 fb, with an expected limit of 12 fb. This 
corresponds to a 3.4 a excess. As mentioned above, this search is also sensitive to 
WW and ZZ resonances. 

(ii) WZ —)> WJ channel, £ = e,/i [2]: (Jwz < 9.5 fb (11 fb expected). This search is also 
sensitive to WW resonances. 

(iii) WZ ^ iiJ channel [3]: (jy^z < 20 fb (16 fb expected). This search is also sensitive 
W ZZ resonances. 

(iv) WZ ^ Zlv channel [3]: (^wz < 22 fb (24 fb expected). 

Therefore, the absence of any signal in the semi-leptonic channels excludes a signihcant 
excess in the fully hadronic one. In particular, the iuJ channel has better sensitivity 
than the JJ one—the expected limit is smaller—but deviations from the Standard Model 
(SM) predictions are not found. (We note in passing that the “definition” of the fat jet 
J is the same in the three ATLAS analyses mo The tension between the ATLAS JJ 
and ^vJ searches can be quantified with a simple event counting. With the WZ selection, 
there are 15 observed events in the hadronic channel with mjj G [1.85,2.15] TeV, for an 
expected background of approximately 7 events. With the colected luminosity of 20.3 
fb“^, these eight extra events require a signal cross section times branching ratio 

and efficiency factors of 

X Bt{W qq') x Br(Z ^ qq) x eff = 0.39 fb. (1) 

The superscript in c^z^^ emphasises that this is the cross section for mjj G [1.85,2.15] 
TeV alone. (Because the reconstructed invariant mass distribution of a 2 TeV resonance 
is wider than the invariant mass interval considered, the actual WZ cross section awz 
required to reproduce the excess is around twice larger.) For the selection efficiency 
of 0.14 given in ref. [1], which does not include the hadronic branching ratios, we find 
= 6 fb. Now let us reverse the procedure to estimate the number of extra events 
that should show up in the iuJ channel. With the efficiency of 0.25 for WZ ^ iuqq 
given in ref. [2], where £ includes electrons, muons and taus, = 6 fb would yield 7 

extra events in the mass interval mivj G [1.8, 2.1] TeV, which practically coincides with 
the interval considered for the hadronic channel. But there are six observed events in this 
mass interval, for an expected background around 6.5 events. This would amount to a 
2.4 cr underfluctuation of the signal observed in the JJ channel. 

The CMS Collaboration has also looked for spin-1 WZ resonances in the JJ chan¬ 
nel [5], using a slightly different strategy. For a resonance mass M = 2 TeV, the limit is 
awz < 12 fb, with an expected limit of 8 fb. Although there is some excess around M = 2 
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TeV, the CMS upper limit on the cross section is also in tension with the interpretation 
of the ATLAS excess as a narrow WZ resonance. The CMS analysis of the semi-leptonic 
channel [6] does not observe any excess at M = 2 Tev|§ The CMS search in the fully 
leptonic channel [7] gives an upper limit ctwz < 20 fb for M = 2 TeV. 

More generally, a mixture of spin-one WZ, ZZ and WW resonances with nearly the 
same mass (they can appear for example in models with a heavy SU(2)i vector boson 
triplet 0 ) cannot explain the JJ excess. This can be shown with a simple exercise. 
Since the jet mass cuts in the ATLAS semi-leptonic searches, 65 < mj < 105 GeV [2] 
and 70 < mj < 110 GeV [3], are wide enough to accept W and Z bosons, one can 
approximately rewrite the corresponding 95% CL cross section limits in (ii) and (iii) as 

(^wz + 0.96 (Ty/w < 9.5 fb 

+ 1-04 < 20 fb , (2) 

by rescaling with the W and Z hadronic branching ratios and ignoring small efficiency 
differences that may arise from the different W and Z boson masses. For the fully hadronic 
hnal state, a relative acceptance factor ~ 0.8 for WW and ZZ diboson signals with the 
WZ selection can be roughly estimated from the overlap of the jet mass distribution for 
signal samples in Ref. pQ. The total JJ signal cxtot with the WZ selection can then be 
estimated as 

o'tot = o'wz + 0-8 (Tzz + 0-8 (Tww , (3) 

and reaches a maximum cxtot ^ 23 fb given the constraints in Eqs. ([2]). Besides, the 
CMS search in the JJ channel with a wide mass window 70 < mjj < 100 GeV does not 
observe such a large excess, as mentioned above. One can also wonder if a different type of 
resonance {e.g. with spin 2) yielding different diboson helicity conhgurations may have an 
efficiency in the semi-leptonic channels much smaller than for a vector resonance —which 
mainly produces longitudinal vector bosons— therefore tnrning the non-observation of 
a large signal compatible with the JJ excess. As it will be shown, this is not the case 
because the event selection criteria used by the ATLAS and CMS Collaborations mainly 
focus on the kinematics of the reconstructed bosons rather than on its leptonic decay 
products. 

The possibility that the ATLAS JJ anomaly is due to Higgs production incorrectly 
tagged as W/Z is strongly disfavoured by other measurements: 

^In the UJ mode a 2cr deviation is found at invariant masses around 1.8 TeV, though limits are not 
reported for spin-1 particles. For a 1.8 TeV spin-2 graviton the limits are azz < 15 fb, with 7 fb expected, 
but these numbers cannot be directly compared to the ATLAS limits [3] because of the different signal 
efficiencies. 
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(v) An ATLAS search for HH resonances [9] gives < 30 fb for M = 2 TeV, with 
an expected limit around 45 fb. 

(vi) A search for ZH and WH resonances in the fully hadronic JJ channel by the CMS 
Collaboration HDl yields cross section limits azH < 7 fb and cwh < 7 fb, very 
close to the expected ones. A preliminary WH resonance search in the ivJ hnal 
state m yields a 2.2 a excess at uiwh = 1-8 TeV, with awH ^ 40 fb for an expected 
limit of 20 fb. But the hypothesis of & WH resonance behind the latter excess is 
disfavoured by the former search, which gives awH < 20 fb for uiwh = 1.8 TeV. A 
similar analysis by the ATLAS Collaboration [12] is less sensitive, giving azH ^ 15 
fb, cwH ^ 35 fb, for a resonance mass M = 1.9 TeV. 

Since neither HH nor VH resonance signals show up in these dedicated searches, it is very 
unlikely that they could contribute signihcantly to the JJ excess with a fat dijet selection 
optimised for VV production. Additionally, one expects relations between VV and VH 
decay fractions of heavy resonances in dehnite models [T3|. All this overwhelming set of 
related SM-like measurements has motivated the caution by the ATLAS Collaboration 
regarding this excess, but it has not discouraged early interpretations as new diboson 
resonances of technicolour models [TTlfTB] . While ref. [TT] only takes into account the 
limit on the production of WZ resonances from the fully leptonic channel (the weakest 
one), ref. na attributes the tension among the searches in different W, Z decay channels 
to statistics. Other W'/Z' interpretations [T6| only focus on the JJ excess overlooking 
the null results obtained in the other decay modes of the gauge boson pair. 

Statistical fluctuations aside, experimental data seem to disfavour the possibility that 
the ATLAS JJ excess results from a diboson resonance. We are then led to consider that, 
it this excess is real, it might be due to something different that looks as a diboson peak 
due to the kinematical selection applied to reduce SM backgrounds. As we will show 
in this paper, a requirement on transverse momenta applied in ref. [1] shapes certain 
resonant VVX signals, with X an extra particle, making them look like a VV resonance. 
Such a requirement is not used by the corresponding analysis of the JJ hnal state by 
the CMS Collaboration [5], nor in the ATLAS analyses of semi-leptonic hnal states. In 
section [2] we explore several hnal state topologies to hnd in which cases a diboson peak 
is kinematically produced—without an actual diboson resonance. In section [3] we show 
in two benchmark examples how a possible signal would look like with the ATLAS and 
CMS fat dijet selections, as well as in the ATLAS analyses of semi-leptonic hnal states. 
We present our conclusions in section 01 In an appendix we discuss to what extent the 
event selection efficiencies in the semi-leptonic channels depend on the diherent diboson 
helicities. 
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2 Alternative topologies for the excess 


In this section we explore different topologies in which a diboson pair plus an extra 
particle X are produced, focusing for dehniteness on WZ production. (Results are the 
same for WW and ZZ, obviously.) In principle, the X particle could either be invisible 
(thus a potential dark matter candidate), or a new relatively light scalar with dominant 
hadronic decay, or even just a SM gauge or Higgs boson. We work at the partonic level, 
calculating matrix elements for processes with new generic scalars, fermions or vector 
bosons, integrating over phase space and parton distribution functions, and examining 
how the VV invariant mass distribution is shaped by the following cuts applied in the 
ATLAS dijet analysis [1]: 

1. Boson pseudo-rapidity 2 I < 2 and rapidity difference \yi — 1 / 2 I < 1-2, where the 
indices 1 and 2 denote the two bosons. 

2. At least one of the two bosons must have transverse momentum pt greater than 360 
GeV. 

3. Transverse momentum asymmetry \p}p —p^\/{px + Pt) < 0.15. Together with the 
rapidity difference cut, this requirement selects approximately back-to-back bosons 
even if they are not produced from the decay of an s-channel resonance. 

In this section we do not impose the requirement on missing energy < 350 GeV of the 
analysis in ref. [1] to remain as general as possible, since in principle X could be invisible 
or decay hadronically. At any rate, the application of such a cut does not signihcantly 
modify the obtained distributions. 

Matrix elements are evaluated using HELAS [m including the decay of the W and 
Z bosons. Phase space integration is done by implementing these processes into the 
generator Protos [IB]. We give our results for specihc choices of the new particles, e.g. 
assuming that X is a neutral scalar. But our results are more general, as they are mainly 
based on the kinematics of cascade decays, and we have explicitly checked this fact by 
using “flat” matrix elements, constant except for the resonant propagators, which make 
no assumption on the spin or charge of the new particles. Results are also independent of 
the incoming partons. For dehniteness we assume ud, ud initial states for the production 
of W^ZX, W~ZX, respectively. However, the presence of the extra particle X opens 
the possibility of gluon-initiated processes with larger partonic luminosities. 
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2.1 Non-resonant VV and VVX production 


It is clear from the beginning that non-resonant diboson production, with or without an 
extra particle, cannot give a peak at an invariant mass as high as 2 TeV merely with 
the application of the kinematical cuts in (1-3). However, it is interesting to consider 
this academic case to investigate how an unaccounted SM contribution could be affected 
by this event selection. We consider ud —>■ W+Z, ud —> W^ZX (with X a neutral 
scalar) plus the charge conjugate processes, mediated by a t-channel heavy quark H, as 
shown in hgure [U The normalised WZ invariant mass distributions before and after cuts 
are presented in figure [2] (top). For WZX we take a scalar mass Mx = 100 GeV, but 
the results are rather independent of this value. The cuts reduce the cross section by a 
factor of 5 for WZ and 11 for WZX and in both cases they maintain the shape of the 
distribution, with a shift towards larger invariant masses and a long tail. 
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Figure 1: Sample diagrams for WZ and WZX production, with X a neutral scalar. 


2.2 Resonant VVX production 

A heavy resonance R can decay into WZX as shown in hgure |21 where we assume for 
dehniteness that X is a neutral scalar and R a charged vector boson. Diagrams (a-c) 
require R ^ WZ without the extra particle X, i.e. i? is a diboson resonance, which we do 
not consider in this work as argued in the introduction. Diagrams (d-f) are sub-leading 
with respect to R ^WX and these processes are expected to be small. Otherwise, these 
topologies give results similar to the ones with an extra intermediate particle D, studied 
in the next subsection. We omit a detailed study for brevity. 

2.3 Resonant VY —)► VVX production 

A heavy resonance R can also decay into WZX via an intermediate on-shell state Y, as 
represented in hgure 01 (Let us also mention for completeness that non-resonant produc¬ 
tion VY VVX does not produce a peak but gives distributions similar to those in 


6 











Figure 2: Diboson invariant mass distribution for non-resonant WZ (up) and WZX 
(down) production without cuts (left) and after cuts (right). 


u W u \N 





Figure 3: Sample diagrams for R —)■ WZX production (without an extra intermediate 
state), assuming X is a neutral scalar. 


hgure [2j) For dehniteness, we have taken Y to be a scalar but our conclusions are inde¬ 
pendent of this choice, and independent of its mass My to a large extent. As an example 
we take the decay chain in hgure 0] (a) with Mji = 2.3 TeV, F/j = 50 GeV (chosen to re- 
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Figure 4: Sample diagrams for R —)■ VY VVX production, with X a neutral scalar. 


produce a peak around 2 TeV), My = 300 GeV, Fy = 5 GeV, and Mx = 100 GeV. Upon 
application of the kinematical cuts, which reduce the cross section by a factor of 7, the 
wide distribution in figure O (left) adopts a very peaked shape, see the right panel. The 
cascade decay R —)■ VY —)■ VVX is then a suitable candidate to explain why the ATLAS 
Gollaboration observes a peak structure in fat dijet searches while the GMS Gollaboration 
has a smaller excess. The decay chain in diagram (b) gives identical results. 



Figure 5: Diboson invariant mass distribution in 72 —)■ UZ —)■ WZX production without 
cuts (left) and after cuts (right). 


This signal shaping can be understood by writing the squared diboson invariant mass 
as 



with q the modulus of the three-momentum of the X particle in the centre-of-mass (GM) 
frame. The maximum value my/z = Mr — Mx is reached for g = 0. The requirement of 
central dibosons with similar transverse momentum selects the kinematical conhgurations 
with g ~ 0, therefore making my/z close to Mr. This happens quite independently of My, 
and we have checked that for My = 1 TeV a peak structure still appears after application 
of the kinematical cuts. 
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2.4 Resonant YY VVXX production 


For the sake of completeness we have also investigated a process where two extra particles 
are produced, R —?■ YY —)■ VVXX, as depicted in hgureEl The intermediate resonances 
Y are neutral or charged, and their masses are assumed equal. The requirement of back- 
to-back dibosons does not fix their invariant mass in this case because there are more 
degrees of freedom. We take M/j = 2.6 TeV, Tij = 50 GeV, My = 300 GeV, Ty = 5 GeV, 
Mx = 100 GeV. Figure [3 shows the diboson invariant mass distribution before and after 
the kinematical cuts, which reduce the cross section by a factor of 5. This topology does 
not seem so promising because the shape of the signal after kinematical cuts is not really 
a peak. 



Figure 6: Sample diagram for R YY VVXX production, with X a neutral scalar. 



Figure 7: Diboson invariant mass distribution in i? —)■ VZ —)■ WZX production without 
cuts (left) and after cuts (right). 


3 Triboson interpretations 

We further investigate the R ^ YZ ^ WZX topology with a fast detector simulation 
using PGS4 [12]. This exercise is not intended to provide a detailed description of the 
possible signals for comparison with data, which requires an implementation of jet fil¬ 
tering [20] and pruning IZH, used by the ATLAS and GMS Gollaborations, respectively. 
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Such a detailed study is beyond the scope of this work. Rather, our aim is to test whether 
a localised excess in the ATLAS dijet search is indeed compatible with the absence of 
such peaks in other analyses. Among those, we consider: 

• The ATLAS luJ analysis, with the event selection criteria of (i) exactly one charged 
lepton i: either an electron withp^ > 20 GeV and rapidity \r]\ < 1.37 or 1.52 < Ir^l < 
2.47; or a muon with px > 20 GeV and \ri\ < 2.5; (ii) a fat jet with px > 400 GeV, 
\p\ < 2; (hi) ^x > 30 GeV, with a difference of azimuthal angle Acj){^x, J) > I with 
the jet; (iv) p^ > 400 GeV, where the W boson momentum is reconstructed with 
the charged lepton and neutrino {^x) momentum, imposing the on-shell condition. 
An additional requirement of no 6-tagged jets is not considered since it only affects 
the signal if X decays into b quarks. 

• The ATLAS ^^J analysis, requiring (i) exactly two same-flavour charged leptons 
within the above acceptance, with invariant mass 66 < mu <116 GeV; (ii) a fat 
jet with px > 400 GeV, \p\ < 1.2; pf > 400 GeV, where the Z boson momentum is 
reconstructed from the two charged lepton momenta. 

• The GMS JJ analysis, which selects two jets with px > 30 GeV and \p\ < 2.5, 
separation |A? 7 | <1.3 and invariant mass mjj > 890 GeV. 

For the ATLAS dijet analysis we apply the kinematical cuts (1-3) listed in section [2] to 
the two leading jets, plus the requirements of no charged leptons in the above ATLAS 
common acceptance region, and ^x < 350 GeV. 

Two benchmarks are used: X invisible and X decaying into two light quarks, with the 
values for the masses and widths given in section 1231 in the former case and Mr = 2.1 TeV 
in the latter. After application of the jet kinematical selection of the ATLAS J J analysis, 
the jet mass of the leading and sub-leading jets, respectively labelled as 1, 2, are reasonably 
well reproduced, see hgure [HI (The peak at 300 GeV corresponds to the hadronic decay 
of the boosted particle Y.) We stress that, due to the jet hltering/pruning used by the 
ATLAS and GMS Gollaborations, their jet mass resolutions are considerably better than 
the one obtained here with the fast detector simulation. Therefore, in this respect our 
results are conservative and should improve with a more sophisticated analysis. Here, in 
order to select the WjZ jets we will simply apply a jet mass cut mj < 200 GeV and no 
W/Z tagging based on jet sub-structure. The reconstructed resonance mass is presented 
in hgure [9] for the two benchmarks and the four analyses considered. The distributions 
are normalised to unit cross section before the selection criteria, so that by comparing the 
four plots one can estimate (up to additional boson tagging efficiency factors) the relative 
size of the signals in different channels. Let us discuss them in turn. 
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Figure 8: Mass of the leading (left) and sub-leading (right) jets in the two benchmarks, 
obtained in the simulation. 
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Figure 9: Diboson reconstructed masses in the four analyses considered. 


As expected from the parton-level results, for the ATLAS JJ selection (upper left 
panel) the peak is clearly visible. Here, it is expected that the use of jet tagging and more 
stringent mass window cuts would sharpen the peak when X decays hadronically, making 
it more similar to the peak for invisible X, where there is not contamination from extra 
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jets in the events. 

In the ATLAS iuJ analysis the diboson resonance mass is reconstructed using the 
missing energy, assumed to come from the neutrino in the W leptonic decay. If X decays 
invisibly, it still contributes to the missing energy of the event, therefore the reconstructed 
diboson mass (upper right panel) sharply peaks at the true resonance mass, assumed 
Mr = 2.3 TeV in this benchmark. Up to different jet tagging efficiency factors for the 
ATLAS JJ and ^vJ analyses (two fat jets in the former and one in the latter, and 
different mass windows), the height of the two peaks is comparable, and probably such a 
peak should have been noticed in the ^vJ search. Therefore, the scenario of invisible X 
is disfavoured. Besides, should the ATLAS excess events in the dijet channel have large 
associated missing energy (around 200 GeV in this benchmark), that fact would have 
been noticed and reported. In case X decays hadronically, the resulting distribution is 
rather broad and the signal is probably unobservable. This is especially the case if X is 
the Higgs boson, as both the ATLAS and CMS Collaborations apply a veto on Atagged 
jets on this channel, in order to suppress the ti background. 

In the hnal state the reconstructed mass distributions (lower, left panel) are rather 
flat in both cases. The number of events around 2 TeV is 20 times smaller than in the 
dijet channel (notice the different plot scales), thus the signals seem compatible with the 
small excesses observed in the ATLAS and CMS searches. 

Finally, with the CMS dijet selection the mass distributions are again very broad 
(lower, right panel). The relative size with respect to the ATLAS excess is uncertain, 
since the jet tagging methods differ and the efhiciencies for this triboson signal are not 
known. In any case, the flat distributions produced seem compatible with the smaller 
excess observed by the CMS Collaboration, bearing in mind that the normalisation of the 
QCD dijet background is done by a £t to data after the event selection and jet tagging 
are applied. 


4 Conclusions 

A heavy resonance decaying into two massive gauge bosons plus an extra particle might 
explain the peak-shaped excess in the ATLAS diboson resonance search pQ and the absence 
of such peaks in semi-leptonic channels M, nor in the CMS dijet analysis [5]. Simple 
tests of this hypothesis could be performed by removing the transverse momentum balance 
requirement in the ATLAS dijet analysis—which would make the excess adopt a broader 
shape—or, conversely, by introducing this requirement in the rest of searches, especially 
in the CMS fat dijet analysis. Dedicated searches, looking for 3J resonances, JJ plus 
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additional particles or JJ plus missing energy, would also be welcome. 

A question remaining to be answered is the required production cross section. With 
the efficiency ~ 0.04 obtained applying the ATLAS event selection citeria and keeping 
events around the 2 TeV peak, times the efficiency ~ 0.16 for boson tagging quoted in 
ref. [T], we estimate that the required signal cross section is 62 fb, somewhat large. To give 
an example, a new 2 TeV W' boson with coupling g' = g to the right-handed fermions has 
a total production cross section a = 53 fb at leading order, but one also has to include 
the branching ratios to the desired final state WZX. Model building in this direction is 
then needed to propose suitable candidates. In this respect, there is considerable freedom 
because the extra particle X could be neutral or charged, coloured or a colour singlet, and 
correspondingly there are many possibilities for the heavy resonance i?, not necessarily 
produced in quark-antiquark processes. 

Among more exotic candidates, the possibility that X is simply the Higgs boson is quite 
intriguing. If a WZH resonance R is produced with the above estimated cross section, 
a 12 fb WiL signal will result when the Z boson decays invisibly. In the W leptonic 
decay mode the invariant mass distribution of the WH pair will concentrate around 
M/j, since the invisible Z still contributes to m^yj. (A similar example has already been 
shown in our analysis of the invisible X scenario, where the distribution in the top right 
panel of figure [9] [iuJ channel] exhibits a peak.) For the hadronic channel there are two 
possibilities that correspond to the two topologies in figure ID 

• For the cascade decay R ^ YZ ^ WZH, the WH invariant mass mjj will peak 
at the Y mass My < Mr. 

• For R —>■ YW —)■ WZH, mjj will be broadly distributed below Mr. 

Therefore, for the topology in figure 0] (b), a peak should manifest in the WH invariant 
mass distribution in the semi-leptonic channel but not in the fully hadronic one. This is 
precisely the behaviour suggested by the CMS semi-leptonic im and fully hadronic uni 
searches for WH resonances: the former does have a 2.2 a deviation of ~ 20 fb at 1.8 TeV 
whereas the latter, more sensitive, only has an excess at the 1 a level for this mass. Still, 
one should bear in mind that statistics are not enough to draw any conclusion. 

The possibly common origin of the ATLAS VV and CMS WH excesses—where the 
slight mass differences can be attributed to the energy resolution—certainly deserves a 
more detailed study of the boosted jet tagging and mass reconstruction of WZH signals. 
Also, one should bear in mind another 2.8 a excess in hnal states with two leptons and 
two jets at an invariant mass of 2 TeV [22], already interpreted as resulting from new W' 
or Z' vector bosons [231125] . Provided the current excesses are confirmed in 13 TeV data. 
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the higher statistics available will allow for exhaustive tests of the various hypotheses of 
new resonance production. 
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A Diboson helicities and efficiency in leptonic decays 


For a diboson resonance decay R —)■ V 1 V 2 , the possible helicities (Ai,A 2 ) of the decay 
products are determined by angular momentum conservation. In the direction of the 
relative motion of Vi and V 2 in the CM frame the orbital angular momentum vanishes, 
therefore the sum of the spin components in this direction cannot exceed the spin of the 
resonance. For a scalar R only the like-helicity combinations (Ai,A 2 ) = (1,1); (0,0), 
(-1,-1) are allowed. If the scalar has a SM-like coupling RVi^V^ the (0,0) helicity 
combination dominates at large masses, with nearly 100% of the total R ^ V 1 V 2 width. 
For a vector resonance there are four additional combinations allowed, (Ai, A 2 ) = (±1, 0), 
(0, ±1). Again, for a heavy resonance and a SM-like coupling to V 1 V 2 the (0, 0) combina¬ 
tion dominates, altough differences with respect to the scalar case can be found in some 
spin observables [SB]. The remaining conhgurations (Ai,A 2 ) = (±l,=Fl) imply a total 
angular momentum of ±2 in the direction of the relative motion of the decay products, 
and are possible only for a spin-2 resonance. 


It is well known [27] that in the leptonic decay of a IF boson, its helicity determines 
the charged lepton angular distribution l/P dP/dcos^*, with 9* the angle between the 
charged lepton momentum in the W rest frame and the W boson momentum in the R 
rest frame. The angular distributions for a boson and its three possible helicity states 
are shown in hgure ITU] (left). For W~ decays the distributions are the same but with the 
sign of A interchanged. The angle 9* subsequently influences the kinematics of the W 
decay products. The fraction of W energy carried by the charged lepton in the CM frame 
El/Ew is 


^ = \ [1 T^cosd*] , 


(5) 


with f3 the W boson velocity, measured in the CM frame. Therefore, bosons with 
A = 1 and W~ bosons with A = — 1 produce high-p^^ leptons and small missing energy; on 
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cos 6* cos e* 


Figure 10: Left: distribution in the boson rest frame. Right: distribution in 

the Z boson rest frame. 


the other hand, W~^ bosons with A = — 1 and W~ bosons with A = 1 produce much softer 
leptons and large missing energy. It is then pertinent to ask ourselves about the impact of 
this difference on the signal efficiency for the iuJ channel. Note that for leptonic decays 
of the Z boson the differences between the three possible helicities are less pronounced 
because the coupling to the leptons is almost axial. The distributions for the positively 
charged lepton are presented in hgure fTOl (right). In the hadronic W/Z decays the boson 
helicity affects the jet tagging efficiency, which is slightly larger for A = 0 because the jet 
sub-structure is less visible for A = ±1 [5]. 

We estimate the variation in the efficiencies using a fast detector simulation and the 
event selection criteria for the ATLAS iuJ analysis, collected in section [21 We simulate 
qq ^ R ^ W^W~ samples corresponding to all the helicity combinations, taking Mr = 2 
TeV, Tij = 50 GeV. (This argument obviously applies to WZ resonances in the ivJ 
channel too.) All decays of the W bosons are included. We list in table [T] the efficiencies 
relative to the (0, 0) combination that mostly corresponds to a scalar or vector resonance. 
The largest difference is found for the unlike-helicity combination (—1,1) that produces 
soft leptons, but this is insufficient to explain the tension between the measurements in 
the ivJ and JJ channels. We stress that these estimations only take into account the 
leptonic side of the diboson event; small differences due to the variation in the fat jet 
tagging are not included. 

A similar analysis can be done for R ^ ZZ and the ATLAS ^iJ selection criteria. In 
this case the efficiency variations are rather small, as it is expected from the distributions 
in hgnre fTOl The largest difference is found for (Ai,A 2 ) = (-1,-1) with an efficiency a 
factor of 1.03 larger than for the (0,0) helicities. The same conclusions apply for WZ 
resonances in the ^^J channel. 
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Al \ A 2 

1 

0 

-1 

1 

0.90 

0.96 

0.90 

0 

0.95 

1 

0.96 

-1 

0.88 

0.95 

0.91 


Table 1; Efficiencies for R —)■ W~^W~ with the ATLAS iuJ selection, for different W~^, 
W~ boson helicities (Ai,A 2 ). The values are relative to the combination (0,0). Fat jet 
tagging efficiencies are not included. 
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